Introduction
============

Pregnant women with obstetric complications may take synthetic glucocorticoids (GCs), such as betamethasone, prednisolone, methylprednisolone, and dexamethasone (DEX) during pregnancy. Common indications for GC administration during pregnancy include prophylaxis against refractory nausea and vomiting associated with pregnancy \[[@B1]\], prevention of preterm labor \[[@B2]\], the treatment of asthma \[[@B3]\] and autoimmune diseases \[[@B4]\], and improvement of pregnancy outcomes in women with a history of recurrent miscarriage \[[@B5]\].

Similarly to all drugs, GCs can have negative side effects, and the degree to which they occur is usually dose-dependent. Thus, GCs are riskier when used at larger total daily doses and over longer treatment periods. Previous studies have shown long-term GC use to be associated with immunosuppression and increased risks of infection, hyperglycemia, hypertension, Cushing syndrome, osteoporosis, and electrolyte disturbances \[[@B6]\]. Furthermore, an increasing body of data indicates that the increased exposure of fetuses to GCs in mid- to late pregnancy may result in adverse outcomes, such as intrauterine growth restriction, postnatal hypertension, increased postnatal activity of the hypothalamo-pituitary-adrenal axis, and an increased risk of pre-term labor \[[@B7]\]. The use of GCs during pregnancy is controversial. Although pharmacological monographs have indicated GCs to be relatively safe in pregnancy (safety category B), animal studies have indicated the possibilities of long-term developmental abnormalities \[[@B8][@B9]\].

In early pregnancy, various events occur in the uterus, especially the endometrium, leading to a receptive uterus. The receptive uterus provides a hospitable environment for blastocyst implantation and the establishment and maintenance of pregnancy \[[@B10]\]. The main events leading to the formation of a receptive uterus are the elevation of estrogen and progesterone levels, the proliferation and differentiation of endometrial cells, the increase of glands and blood vessels in the endometrium \[[@B11]\], the up-regulation of the expression of cell adhesion molecules on the surface of endometrial epithelial cells as well as on the endometrial leukocytes \[[@B12]\], and the secretion of cytokines, chemokines, and prostaglandins in the endometrium \[[@B11]\].

Despite extensive studies on the developmental consequences of increased synthetic GC exposure in mid to late pregnancy, relatively little is known regarding the significance of synthetic GCs in early pregnancy. The existing literature indicates that the use of synthetic GCs in early pregnancy is controversial. Previous studies have demonstrated that synthetic GCs exert many actions that could both negatively and positively influence the key aspects of early pregnancy \[[@B13][@B14]\]. Synthetic GCs can exert a range of positive effects that would be expected to promote the establishment of early pregnancy, such as suppressing uterine natural killer (uNK) cells and stimulating human chorionic gonadotropin secretion, as well as promoting trophoblast proliferation and invasion. However, synthetic GCs can also exert a range of adverse effects that would be expected to impede pregnancy, induce placental and/or decidual apoptosis, and impair placental nutrient transport \[[@B7][@B14][@B15]\].

DEX is a synthetic GC that is used for the treatment of various complications, such as preterm labor \[[@B16]\], intrahepatic cholestasis \[[@B17]\], and inflammatory conditions during pregnancy \[[@B18]\]. The purpose of this study was to evaluate the effect of high doses of DEX in early pregnancy on pregnancy outcomes, fetal and placental growth parameters, serum steroid hormones, and the immune status of the feto-maternal interface.

Methods
=======

1. Determination of gestational age
-----------------------------------

In this study, six- to eight-week-old inbred male and female BALB/c mice were purchased from the Pasteur Institute of Iran (Karaj, Iran) and housed in the animal house at Tarbiat Modares University (Tehran, Iran) according to international animal care ethics. The experiments were approved by the Institutional Animal Care and Use Committee of Tarbiat Modares University. The experimental protocols of this study were approved by the Ethics Committee on the Use of Animals of Tarbiat Modares University.

Female BALB/c mice were mated with male BALB/c mice and checked for a vaginal plug every morning. The presence of the vaginal plug was considered to indicate day 0.5 of pregnancy.

2. Animal treatment and sample collection
-----------------------------------------

Pregnant BALB/c mice were treated daily with intraperitoneal injections of DEX (5 mg/kg body weight per injection) in the experimental group \[[@B19]\] or an equivalent volume of phosphate-buffered saline (PBS) in the control group on days 0.5 to 4.5 of gestation (n=21 per group).

From each group, seven pregnant BALB/c mice were sacrificed on gestational day (GD) 7.5. The quantity of uNK cells and uterine macrophages as well as the serum concentrations of progesterone and 17β-estradiol were determined in the tissue sections obtained from uterine tissues and blood samples, respectively. Another seven pregnant BALB/c mice were sacrificed on GD 13.5 and uterine samples were taken for the evaluation of pregnancy outcomes and the immune status of the feto-maternal interface. One third of the mice from each group were sacrificed on GD 18.5 for the morphometric quantification of fetal and placental growth parameters in the uterine samples.

3. Pregnancy outcomes
---------------------

On GD 13.5, the female BALB/c mice were anesthetized, blood samples were taken, and then the mice were sacrificed. The uteri were removed and the total number of implantations and resorption sites were recorded. The percentage of abortions was calculated as the ratio of resorption sites to the total number of implantation sites (resorption plus normal implantation sites), as described previously by Clark et al. \[[@B20]\].

4. Preparation of decidual and placenta cell supernatants and mid-pregnancy serum
---------------------------------------------------------------------------------

The uteri of pregnant BALB/c mice were completely removed under sterile conditions on GD 13.5. Decidual cell supernatants (DS) were prepared according the method used by Bibak et al. \[[@B21]\]. Briefly, after washing with PBS, the uterus was incised along the antimesometrial axis and the embryos with their surrounding membranes were removed. The decidua basalis was then peeled away from the surface of the placental disks and washed three times with PBS. The decidual fragments were finely minced between two scalpels in a small volume of RPMI 1640 medium (Gibco BRL, Paisley, UK) and placed in an enzymatic cocktail composed of a digestive solution (2 mg/mL of type II collagenase and 30 µg/mL of DNase I) at 37℃ for 1 hour. The supernatant was discarded and the cell pellet was suspended in RPMI 1640 containing 20% fetal calf serum and cultured in a 24-well microplate (4×10^5^ cells per well) at 37℃ for 48 hours. Subsequently, the supernatant was collected from all wells and centrifuged at 12,000 g for 15 minutes at 4℃. The supernatant samples were then collected and stored at --70℃ for further use.

For placenta cell supernatant (PS) preparation, a similar method was used to the method of DS preparation described above. Due to the abundance of erythrocytes in the placental tissue, the placental cells were treated with 0.83% ammonium chloride (Merck, Darmstadt, Germany) for erythrocyte lysis before culturing the placenta cells.

5. Effects of decidual and PS on the mitogen-induced proliferation of spleen mononuclear cells
----------------------------------------------------------------------------------------------

In order to analyze decidua or placenta-associated immunoregulatory activity in the pregnant BALB/c mice treated with DEX or PBS, spleen mononuclear cells from normal BALB/c mice were isolated by the Ficoll-isopaque (Baharafshan, Tehran, Iran). Mononuclear cells were cultured in complete RPMI 1640 medium at the concentration of 2×10^5^ splenocytes/0.2 mL in 96-well plates. The cultures were incubated in the presence and absence of phytohemagglutinin (PHA) (Sigma-Aldrich, St. Louis, MO, USA) or lipopolysaccharide (LPS) (from Escherichia coli O111: B4, Sigma-Aldrich) at 37℃ and 5% CO~2~ for 72 hours. PHA and LPS were added at final concentrations of 5 µg/mL and 10 µg/mL per well, respectively.

DS or PS from the pregnant BALB/c mice treated with DEX or PBS was added to the culture wells at various concentrations (5%, 10%, and 20% of the total volume) concomitantly with PHA or LPS in triplicate. Positive controls, containing cells and mitogen without any supernatant, were also set up. Cells in the medium alone, without PHA/LPS, PS, or DS served as negative controls. The plates were incubated at 37℃ and 5% CO~2~ for 72 hours.

Subsequently, cell proliferation was measured using the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide reduction assay. The test results were expressed as the stimulation index, which was the ratio of the amount of OD540 nm in the simulated cells divided by the OD540 nm for the unstimulated cells on the same day of culture.

6. Determination of progesterone and 17β-estradiol concentrations in serum
--------------------------------------------------------------------------

The serum collected from pregnant BALB/c mice on GD 7.5 was used to measure the concentration of progesterone and 17β-estradiol. Sandwich enzyme-linked immunosorbent assay kits obtained from R&D Systems (Minneapolis, MN, USA) were used for detecting the levels of these hormones according to the manufacturer\'s instructions.

7. Immunohistochemical analysis
-------------------------------

Pregnant mice were sacrificed on GD 7.5 and the middle third of the left horn of the uterus was removed. Paraffin sections and frozen sections of the uterine horn were prepared for the immunohistochemical staining of uterine macrophages and uNK cells, respectively.

Frozen sections of the tissues were cut to be 7 µm thick, transferred to glass slides, air-dried at room temperature for 4 hours, and fixed in ice-cold acetone for 2 minutes. Acetone-fixed cryostat sections of theuteri were thawed and washed three times with 0.15 M Tris-buffered saline (TBS) at pH 7.4. The samples were incubated in a protein-blocking reagent (Dako, Carpinteria, CA, USA) for 10 minutes and normal goat serum (Dako) for 15 minutes prior to the antibody incubation. In order to localize and characterize the uterine macrophages, the slides were then incubated for 2 hours with rat anti-mouse F4/80 (dilution 1:100, Abcam, Cambridge, MA, USA). After excess antibody was washed out using TBS, the samples were incubated with goat biotinylated anti-rat IgG antibody (dilution 1:50, BD, Franklin Lakes, NJ, USA) for 45 minutes. Excess antibody was removed by washing for three times with TBS followed by the addition of streptavidin-HRP (BD) for 40 minutes. Finally, the sections were stained with a 3,3\'-diaminobenzidine (DAB) substrate chromogen system (Dako) for 5 minutes and were counterstained with Harris\'s hematoxylin (Merck) for 30 seconds.

Paraffin sections 7 µm in thickness were deparaffinized in xylene and rehydrated in a graded ethanol series. After the antigens were treated in a microwave oven at 70℃ for 1 hour, the sections were incubated in protein blocking reagent (Dako, Glostrup, Denmark) for 10 minutes. In order to localize and characterize uNK cells, the slides were then incubated with biotinylated dolichos biflorus agglutinin lectin (dilution 1:200, Sigma-Aldrich) for 1 hour. After washing, they were incubated with streptavidin-HRP (BD) for 30 minutes. The reactions were visualized using a DAB substrate system (Dako) for 5 minutes and were rinsed in tap water. Then, they were serially incubated in 1% periodic acid solution (Sigma-Aldrich) for 10 minutes, Schiff\'s reagent for 15 minutes, and 0.5% sodium bisulfate solution (Sigma-Aldrich) for 5 minutes. Finally, the slides were counterstained with Harris\'s hematoxylin for 30 seconds.

For cell counting, at least five sections in each sample were selected randomly, several images were captured at 400× using an Olympus BX41 microscope with a digital camera using Magnafire (Optronics, Goleta, CA, USA), and the total cells (blue-stained), macrophages, and NK cells (brown-stained) were counted separately using Image J software ver. 1.45 (National Institutes of Health, Bethesda, MD, USA).

8. Morphometric quantification of embryonic and placental growth parameters
---------------------------------------------------------------------------

For the morphometric quantification of fetal and placental growth parameters in mice and to determine the weight of the uterus (WU), the pregnant BALB/c mice treated with DEX or PBS were sacrificed on GD 18.5 and their uteri were removed. The uterus was incised along the antimesometrial axis and the embryos and placenta were removed. Measurement instruments with high precision and high accuracy, such as a scientific balance, micrometer (Mahr, Göttingen, Germany), and digital caliper (Mitutoyo, Tokyo, Japan), were used to measure WU and fetal and placental growth parameters including the weight of the placenta (WP), the placenta diameter (PD), the crown-rump length (CRL), the biparietal diameter (BPD), and the body weight of the embryo (BWE).

9. Statistical analyses
-----------------------

All statistical analyses were carried out using GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA). The percentage of abortions was compared using the nonparametric Mann-Whitney U test in two independent experiments. The Student\'s *t*-test and one-way analysis of variance (with the Tukey test) were used to determine the significance of differences for all other comparisons. The minimum level of statistical significance was set at *p*\<0.05. Data were presented as mean±standard error of the mean.

Results
=======

1. Pregnancy outcomes
---------------------

The macroscopic observations of the embryos attached to the uterus on GD 13.5 showed that the treatment of pregnant BALB/c mice with high doses of DEX in early pregnancy significantly increased the abortion rate compared with the control group (32% vs. \<6.4%, *p*\<0.01) ([Figure 1A](#F1){ref-type="fig"}). No significant difference was found in the number of implantation sites between the two groups ([Figure 1B](#F1){ref-type="fig"}).

2. Effects of decidual and PSs on mitogen-stimulated splenocyte proliferation
-----------------------------------------------------------------------------

The results of our study showed that DS from pregnant BALB/c mice treated with DEX exhibited significantly decreased PHA- and LPS-stimulated proliferation of mononuclear cells in comparison with the DS from the control group (*p*\<0.05) ([Figure 2A](#F2){ref-type="fig"}). The results also demonstrated that the PS from pregnant BALB/c mice treated with DEX or PBS had the same inhibitory effect on the PHA- and LPS-stimulated proliferation of mononuclear cells ([Figure 2B](#F2){ref-type="fig"}). In all experiments, a 5% concentration of DS or PS had the best effect on the proliferation of mononuclear cells, and the trypan blue exclusion assay indicated a viability rate of higher than 90%.

3. Serum levels of progesterone and 17β-estradiol
-------------------------------------------------

Analysis of the serum samples showed that treatment with DEX markedly decreased progesterone concentration in comparison to treatment with PBS (13±1.38 ng/mL vs. 24.29±2.50 ng/mL, *p*\<0.01) ([Figure 3A](#F3){ref-type="fig"}). This analysis also demonstrated that DEX treatment in early pregnancy significantly decreased serum 17β-estradiol concentrations in the pregnant BALB/c mice in comparison with the PBS group (33.14±2.52 pg/mL vs. 40.29±1.7 pg/mL, *p*\<0.05) ([Figure 3B](#F3){ref-type="fig"}).

4. Frequency and distribution of macrophages and NK cells within the uterine tissue
-----------------------------------------------------------------------------------

In order to assess the effects of DEX on the distribution and localization of NK cells and macrophages within the uterus, an immunohistochemical analysis was conducted on the uterine tissue from pregnant BALB/c mice treated with PBS or DEX. The results of this evaluation showed similar distribution and localization patterns of uterine macrophages and uNK cells in the experimental and control groups. Uterine macrophages were present in the myometrium, mesometrium, and decidua basalis ([Figure 4](#F4){ref-type="fig"}), while uNK cells accumulated in the decidua basalis and around the glandular and luminal epithelial layers ([Figure 5](#F5){ref-type="fig"}). The frequency of uterine macrophages significantly decreased in pregnant BALB/c mice treated with DEX compared with the control group (13.14%±1.33% vs. 17.29%±1.30%, *p*\<0.05). Similarly, pregnant BALB/c mice treated with DEX had significantly lower uNK cell percentages than the control group (36.14%±2.64% vs. 47.57%±1.83%, *p*\<0.01).

5. Morphometric quantification of fetal and placental growth parameters
-----------------------------------------------------------------------

Evaluation of the pregnant BALB/c mice treated with DEX or PBS on GD 18.5 showed that, although the number of live fetuses in the mice treated with DEX was lower than in the control group, no intrauterine growth retardation or abnormal embryo development was observed in the fetuses of either group. The fetal and placental growth parameters and the weight of the uteri from the pregnant BALB/c mice treated with DEX or PBS on GD 18.5 are presented in [Table 1](#T1){ref-type="table"}. We found that fetal growth parameters such as CRL, BPD, and BWE were the same between the experimental and control groups, whereas WU, WP, and PD were significantly lower in the pregnant BALB/c mice treated with DEX than in the control group ([Figure 6](#F6){ref-type="fig"}).

Discussion
==========

In this study, the effects of high doses of DEX in early pregnancy were evaluated in pregnant BALB/c mice. An increased abortion rate, enhancement of the immunosuppressive effect of the decidua, alterations in placental growth factor levels, decreased serum progesterone and 17β-estradiol levels, and reductions in the frequency of uterine macrophages and uNK cells were the main findings of this study.

In the past few decades, several studies have investigated the effect of DEX on pregnancy outcomes in different animals and human groups; Wichtel et al. \[[@B22]\] showed that a single intra-allantoic infusion of DEX induced elective termination of midterm pregnancy in mares. Additionally, Zone et al. \[[@B23]\] reported that oral administration of DEX appeared to be a potentially useful pharmacologic treatment for the termination of unwanted pregnancy in female dogs. Furthermore, in a prospective case-control study, the antenatal administration of GCs to women in the first trimester significantly increased the incidence of miscarriages compared to the rate observed in control patients \[[@B15]\]. The results of the present study are in agreement with those of previous studies, demonstrating a significant increase in the abortion rate among pregnant BALB/c mice treated with high doses of DEX in early pregnancy ([Figure 1](#F1){ref-type="fig"}).

The immune status of the feto-maternal interface during pregnancy has been shown to be important for the successful maintenance of pregnancy. The local environment of the feto-maternal interface is characterized not only by the cell types evaluated in this study, but also by the soluble factors produced therein. The decidua as a fetal-independent tissue and the placenta as a fetal-dependent tissue may be ideal sources for the production and secretion of immunoregulatory factors \[[@B24]\].

In the present study, the immunomodulatory changes occurring at the feto-maternal interface in response to high doses of DEX among pregnant BALB/c mice were investigated. The results demonstrated that the DS from the pregnant BALB/c mice treated with DEX exhibited significantly decreased PHA-stimulated (due to polyclonal T cell activation) and LPS-stimulated (due to polyclonal B cell activation) proliferation of mononuclear cells compared to the DS of the control group (*p*\<0.05) ([Figure 2A](#F2){ref-type="fig"}). However, the PS collected from the pregnant BALB/c mice treated with DEX or PBS had the same inhibitory effect on the PHA- and LPS-stimulated proliferation of mononuclear cells ([Figure 2B](#F2){ref-type="fig"}).

It has been well established that GCs such as DEX have inhibitory effects on a broad range of specific immune responses mediated by T and B cells \[[@B25][@B26]\]. Previous studies showed that immune responses at the feto-maternal interface regulate a range of reproductive functions, such as embryo implantation, endometrial angiogenesis, decidual formation, and maternal tolerance to the fetus \[[@B27][@B28]\]. Many disorders of pregnancy can be caused by alterations in the various beneficial immunological responses of normal pregnancy \[[@B29]\]. It is possible, therefore, that high doses of DEX in early pregnancy, with the corresponding suppression of immune responses at the feto-maternal interface (especially the decidua), impact pregnancy outcomes.

A normal pattern of progesterone and estradiol secretion is necessary for the establishment and maintenance of pregnancy. The impairment of progesterone and estradiol production is a risk factor for pregnancy loss. In the present study, the effect of high doses of DEX in early pregnancy on serum progesterone and 17β-estradiol levels was evaluated and it was found that treatment with DEX significantly decreased the serum concentration of these hormones ([Figure 3](#F3){ref-type="fig"}).

Follicle-stimulating hormone (FSH) and luteinizing hormone (LH) regulate levels of 17β-estradiol and progesterone during pregnancy. In an *in vivo* study, Sowers et al. \[[@B30]\] showed that the short-term administration of DEX suppressed the secretion of LH and FSH *via* a direct effect on the anterior pituitary. It has been well demonstrated that endogenous or exogenous GCs, such as DEX in excess, lead to the development of acquired hypogonadotropic hypogonadism. This complication is characterized by the decreased production of estrogen and progesterone by female ovarian follicular cells \[[@B31][@B32]\]. Therefore, the administration of high doses of DEX to pregnant BALB/c mice during early pregnancy may inhibit progesterone and estradiol secretion via the down-regulation of FSH and LH released from gonadotrophic cells in the anterior pituitary gland.

In recent years, a growing body of evidence has indicated that immune--immune interactions, as well as immune--endocrine interactions, build up a complex network of immune regulation that ensures fetal survival within the maternal uterus \[[@B33]\]. Hormones such as estrogens and progesterone modulate immunological responses to induce maternal-fetal tolerance \[[@B34]\]. The hormonal changes that occur in pregnant BALB/c mice treated with high dose DEX may underlie some of the distinct immunological changes associated with unfavorable pregnancy outcomes.

Macrophages and NK cells are the dominant uterine immune cells in pregnancy, especially in the decidua during early pregnancy \[[@B35][@B36][@B37]\]. The regulation of trophoblast invasion, the induction of feto-maternal tolerance, and the successful implantation and decidualization are the main roles of uterine macrophages and uNK cells \[[@B36][@B38]\]. With the critical role of uterine macrophages and uNK cells in successful pregnancy in mind, we evaluated their uterine frequency in pregnant BALB/c mice treated with DEX or PBS. The results of this study showed that the presence of uterine macrophages and uNK cells was reduced in the DEX-treated group compared to the control group ([Figures 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}).

These results seem to be consistent with those of other studies that have found anti-inflammatory drugs such as DEX to suppress leukocyte migration \[[@B39]\]. These drugs bind to intracellular receptors and inhibit gene expression by binding to negative regulatory promoter regions or through protein/protein interactions \[[@B39]\]. Similarly, in another study, Sugimoto et al. \[[@B40]\] found that the anti-inflammatory effects of GCs such as DEX were mediated by the inhibition of leukocyte migration. In contrast, DeLoia et al. \[[@B41]\] demonstrated that the frequency of uterine macrophages and uNK cells had a direct relationship with serum estrogen levels. It can thus be suggested that the administration of high-dose DEX in pregnant BALB/c mice during early pregnancy can, directly or indirectly, alter the frequency of uterine macrophages and uNK cells. Since uterine macrophages and uNK cells play important roles in the secretion of angiogenic and growth factors \[[@B42][@B43]\], decreased frequencies of these cells can change spiral artery remodeling and trophoblast invasion, as well as lead to adverse pregnancy outcomes.

In several studies, the side effects of antenatal GC therapy with drugs such as DEX and betamethasone on the fetus have been evaluated. Reductions in fetal heart rate \[[@B44]\], growth discordance, low birth weight \[[@B45]\], reduction in fetal body movements and activity periods \[[@B46]\], and congenital adrenal hyperplasia \[[@B47]\] are some of the side effects of antenatal GC therapy. In this study, we evaluated the effect of high doses of DEX in early pregnancy on fetal growth parameters. In contrast to earlier findings, the present results indicated that the treatment of pregnant BALB/c mice with high doses of DEX during early pregnancy did not affect fetal growth parameters (BWE, CRL, and BPD), although a significant difference was found in the WU between the experimental and control groups ([Figure 4](#F4){ref-type="fig"}).

Several possible explanations may be suggested for this result. It is clear that the side effects of GCs such as DEX are correlated with the dose and time of exposure. In this experiment, we used a high dose of DEX before the implantation and development of the placenta. Additionally, we utilized measurement instruments such as a scientific balance, micrometer, and digital calipers to determine fetal growth parameters. For these reasons, our findings were different from those of the studies mentioned above. It may thus be suggested that the effects of different doses and time intervals of DEX on fetal growth parameters should be investigated using highly accurate methods, such as ultrasonography and skeletal staining.

Since fetal growth and survival are critically dependent on successful placental development, we aimed to investigate the effects of high doses of DEX in early pregnancy on placental growth parameters. The results of this study showed that placental growth parameters such as WP and PD were significantly decreased in the pregnant BALB/c mice treated with DEX compared with the control group ([Figure 4](#F4){ref-type="fig"}). These alterations were more severe in resorbed sites than in non-resorbed sites, which was in agreement with Lee et al. \[[@B48]\], who showed that the prenatal administration of DEX on GDs 7.5, 8.5, and 9.5 in pregnant mice negatively affected placental development and efficiency. Newnham et al. \[[@B49]\] also showed that the infusion of corticosteroids into ewes in late pregnancy resulted in decreased placental size. In another study, Ain et al. \[[@B50]\] demonstrated that pregnant rats treated with DEX in the second half of gestation exhibited decreased placental weight. These data suggest that the administration of GCs (especially DEX) during pregnancy can interfere with placental development. This leads to the question of what mechanism is involved in the reduction of WP, PD, and WU.

To answer this question, several reports have shown that ovarian steroid hormones and immune responses at the feto-maternal interface play key roles in both uterine remodeling and placental development \[[@B33][@B51]\]. The current study found that treatment with high doses of DEX in early pregnancy induced placental and uterine shrinkage. We suggest that these alterations could be related to changes in the frequency of uterine macrophages and uNK cells, immune responses at the feto-maternal interface, and serum levels of progesterone and 17β-estradiol.

Overall, we found that the administration of high doses of DEX during early pregnancy negatively affected pregnancy outcomes. Enhancements of the immunosuppressive effect of the decidua, alterations in placental growth factor levels, decreased serum progesterone and 17β-estradiol levels, and the reduced frequency of uterine macrophages and uNK cells could be the possible reasons for the unfavorable pregnancy outcomes that we observed. Nonetheless, further experiments are still needed to clarify the relevant mechanisms.
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![The effects of high doses of DEX in early pregnancy on pregnancy outcomes and appearance of the uterus on gestational day 13.5. (A) Treatment of pregnant BALB/c mice with DEX in early pregnancy significantly the increased abortion rate in comparison with PBS-treated pregnant BALB/c mice (^\*^*p*\<0.01). (B) No significant difference was found in the number of implantation sites between DEX- and PBS-treated pregnant BALB/c mice. (C) Aborted fetuses in the uteri of DEX-treated pregnant BALB/c mice were identified by their small size accompanied by a necrotic appearance in comparison with normal embryos and placentas. (D) The nine viable fetuses and one aborted fetus in the uterine horns were obtained from PBS-treated pregnant BALB/c mice on gestational day 13.5. Results are expressed as mean±standard error of measurement from seven independent experiments and were analyzed using the nonparametric Mann-Whitney U test in two independent experiments. DEX, dexamethasone; PBS, phosphate buffer saline.](cerm-43-15-g001){#F1}

![The effects of DS and PS on the proliferation of mitogen-stimulated mouse spleen mononuclear cells. (A) DS from DEX-treated pregnant BALB/c mice significantly suppressed the proliferation of PHA- and LPS-stimulated mononuclear cells in comparison with DS from PBS-treated pregnant BALB/c mice. (B) PS from DEX-treated pregnant BALB/c mice and PS from PBS-treated pregnant BALB/c had a similar inhibitory effect on PHA- and LPS-stimulated mononuclear cell proliferation. All data presented in these charts were obtained by the treatment of mouse spleen mononuclear cells with a 5% concentration of DS or PS. The stimulation index was calculated by dividing the optical density test of each group by the optical density control for each group. The results are expressed as mean±standard error of measurement from seven independent experiments. DS, decidual cell supernatant; PS, placenta cell supernatant; DEX, dexamethasone; PHA, phytohemagglutinin; LPS, lipopolysaccharides; PBS, phosphate-buffered saline. ^\*^*p*\<0.05, ^\*\*^*p*\<0.01 was used for the statistical analysis.](cerm-43-15-g002){#F2}

![The effects of DEX treatment in early pregnancy on serum levels of progesterone and 17β-estradiol. Pregnant BALB/c mice were injected with DEX or PBS on gestational days 0.5 to 4.5 and sacrificed on gestational day 7.5. Levels of progesterone (ng/mL) and 17β-estradiol (pg/mL) were measured by enzyme-linked immunosorbent assay in serum samples from pregnant BALB/c mice. The serum concentration of 17β-estradiol (B), especially progesterone (A), was decreased in DEX-treated pregnant BALB/c mice compared with the PBS-treated pregnant BALB/c mice. Data are reported as mean±standard error of measurement from seven independent experiments and the unpaired Student\'s *t*-test with ^\*^*p*\<0.05, ^\*\*^*p*\<0.01 was used for the statistical analysis. DEX, dexamethasone; PBS, phosphate-buffered saline.](cerm-43-15-g003){#F3}

![Immunohistochemical comparative analysis of macrophages in the uteri of pregnant BALB/c mice on gestational day 7.5. Cryosections were prepared from the uteri of pregnant BALB/c mice and stained with F4/80 antibody. Tissues were also counterstained with hematoxylin. Positive cells were counted and expressed as a percentage of the total number of nucleated cells. Macrophages were present in the myometrium, mesometrium, and decidua basalis. The frequency of uterine macrophages significantly decreased in pregnant BALB/c mice treated with DEX (A, B) when compared with pregnant BALB/c mice treated with PBS (C, D). DEX, dexamethasone; PBS, phosphate-buffered saline; M, mesometrial side; DB, decidual basalis; My, myometrium.](cerm-43-15-g004){#F4}

![Immunohistochemical comparative analysis of NK cells in the uteri of pregnant BALB/c mice on day 7.5 of gestation. Cryosections were prepared from the uterus of pregnant BALB/c mice and stained with biotinylated dolichos biflorus agglutinin lectin. Tissues were also counterstained with hematoxylin. Positive cells were counted and expressed as a percentage of the total number of nucleated cells. The mesometrial regions are at the top of each image. The NK cells accumulated in the decidua basalis and around the glandular and luminal epithelial layers. The frequency of uterine NK cells significantly decreased in pregnant BALB/c mice treated with DEX (A, B) when compared with pregnant BALB/c mice treated with PBS (C, D). NK, natural killer; DEX, dexamethasone; PBS, phosphate-buffered saline; M, mesometrial side; My, myometrium; L, luminal epithelium; DB, decidual basalis; GE, glandular epithelium.](cerm-43-15-g005){#F5}

![The in vitro quantification of fetal and placental growth parameters in pregnant BALB/c mice treated with DEX or PBS on gestational day 18.5 (^\*^*p*\<0.05; ^\*\*^*p*\<0.01). The results are expressed as mean concentrations±standard error of the mean. DEX, dexamethasone; PBS, phosphate-buffered saline; WU, weight of the uterus; WP, weight of placenta; PD, placenta diameter; BWE, body weight of embryo; CRL, crown-rump length; BPD, biparietal diameter.](cerm-43-15-g006){#F6}

###### Quantitative morphometric analysis of fetal and placental growth parameters in DEX- and PBS-treated pregnant BALB/c mice on day 18.5 of gestation

![](cerm-43-15-i001)

Values are presented as mean±standard deviation.

DEX, dexamethasone; PBS, phosphate-buffered saline.

^\*^*p*\<0.05; ^\*\*^*p*\<0.01.
